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Timely release of sister chromatid cohesion is essential for accurate chromosome segregation during cell
division. Shugoshin forms a complex with the phosphatase PP2A that has been proposed to dephosphory-
late cohesin proteins to prevent premature loss of centromeric cohesion. A recent study inMolecular Cell by
Xu et al. presents the structure of Shugoshin bound to PP2A and provides evidence that this interaction is
required for cohesion protection.To ensure accurate segregation during
mitosis, sister chromatids remain associ-
ated following replication, separating
only once all chromosomes are biorien-
tated on the spindle (Figure 1A). The
association of sister chromatids in mitosis
depends on cohesin complexes (Fig-
ure 1C; Peters et al., 2008). Meiosis is
more complex: segregation of homolo-
gous chromosomes in the first division is
followed by segregation of sister chroma-
tids in the second division (Figure 1B). The
cohesin complex again plays a crucial
role, although meiotic cells employ addi-
tional meiosis-specific cohesin subunits
(Figure 1D; Brar and Amon, 2008; Clarke
and Orr-Weaver, 2006).
In both mitosis and meiosis the
protease Separase cleaves a cohesin
subunit—Scc1 in mitosis or Rec8 in
meiosis—to release cohesin from chro-
mosomes, but the spindle assembly
checkpoint (SAC) keeps Separase activity
in check until all chromosomes are prop-
erly oriented on the spindle (Brar and
Amon, 2008; Peters et al., 2008). Inmeiosis (Figure 1B), cohesion is removed
from chromosome arms during meiosis I
to allow homolog segregation but is pro-
tected at centromeres to maintain sister
chromatid association needed for meiosis
II. In vertebrate mitosis (Figure 1A), the
bulk of cohesin on chromosome arms is
removed during prophase in a cleavage-
independent manner, while a small popu-
lation at centromeres is shielded from this
‘‘prophase pathway’’ and provides cohe-
sion until the metaphase-anaphase tran-
sition (Peters et al., 2008).
Experiments in various model organ-
isms have shown that Shugoshin (Sgo)
family proteins protect centromere
cohesion in meiosis and mitosis and also
play a role in chromosome biorientation
and the SAC. Sgo1 copurifies with the
protein phosphatase PP2A, specifically
with PP2A-AB0C (Kitajima et al., 2006;
Riedel et al., 2006; Tang et al., 2006).
This discovery was intriguing because
cohesin phosphorylation, perhaps by
Polo kinases, regulates cohesion release
in both meiosis and mitosis (Figures 1CDevelopmental Cell 17, Sand 1D). Sgo1 is required for PP2A local-
ization to centromeres during meiosis,
where PP2A might maintain Rec8 in a
dephosphorylated state and thereby
prevent sister separation. A similar model
has been proposed for protection of
centromeric cohesion from the prophase
pathway, though PP2A centromere local-
ization does not require Sgo1 in verte-
brate mitosis (Kitajima et al., 2006; Riedel
et al., 2006; Tang et al., 2006). The exact
roles of Sgo therefore remain unclear.
In a recent Molecular Cell paper, Xu,
Nasymth, and coworkers test the relation-
ship between PP2A and Sgo proteins
(Xu et al., 2009). First, they demonstrate
that there is a direct interaction between
human Sgo1 and PP2A-AB0C. They
narrow down the interacting segment of
Sgo1 to a conserved N-terminal region
(Sgo1cc) that also dimerizes Sgo1. A
crystal structure revealed that Sgo1cc
forms parallel coiled-coil dimers that are
sandwiched between two PP2A-AB0C
holoenzymes. Based on solution studies,
however, the authors conclude that aneptember 15, 2009 ª2009 Elsevier Inc. 303
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binds a single PP2A holoen-
zyme (Figures 1C and 1D).
Though Sgo1cc homodimer
interacts with the B0 and cata-
lytic (C) subunits it did not
influence the enzyme activity
of PP2A, at least for a generic
peptide substrate, arguing
that Sgo1 does not directly
activate PP2A.
Second, Xu et al. (2009)
show, by mutating the resi-
dues in Sgo1 that are impor-
tant for PP2A-AB0C binding
but not homodimerization,
that interaction between
PP2A and Sgo1 is likely crit-
ical for cohesion protection.
Overexpression of mouse
Sgo1 in oocytes recruits PP2A
to chromosome arms and
blocks Rec8 removal and
meiosis I chromosome segre-
gation, but not if Sgo1 has
a mutated PP2A binding site.
Making the assumption that
mutation of the equivalent
residues in yeast Sgo1 would
have a similar effect, the
authors find that preventing
Sgo1 interaction with PP2A-
AB0C in budding yeast leads
to loss of PP2A and Rec8
from centromeres and loss of
sister chromatid cohesion in
meiosis I, while localization of
Sgo1 is not affected. It is
worth remembering that other
binding partners for the
mutated N terminus of Sgo1
might exist. For example, the
N-terminal region of Xenopus
Sgo may contain a microtu-
bule binding site (Salic et al.,
2004), and an Sgo1cc dimer
bound to PP2A has an exposed hydro-
phobic surface that might interact with
other proteins (as it does with a second
PP2A holoenzyme in the crystals). Never-
theless, because PP2A has multiple func-
tions and previous experiments relied
heavily on PP2A deletion or depletion,
these are important new results, strongly
indicating that direct interaction between
Sgo1 and PP2A-AB0C is essential for
cohesion protection.
Xu et al. (2009) propose that Sgo1 acts
as an adaptor protein for PP2A-AB0C,
bringing the enzyme to the correct loca-
tion to act on its substrate. Sgo1 may be
the first clear example of an emerging
class of targeting proteins that can
increase the specificity of PP2A action
beyond that generated by B subunits
alone (Virshup and Shenolikar, 2009).
The adaptor model raises the question
of what Sgo1 binds at centromeres. The
heterochromatin protein HP1 is one
candidate, although budding yeast lack
a clear homolog of this molecule (Sakuno
and Watanabe, 2009). The proximity of
Sgo1 to the PP2A-B0 and C
subunits leaves open the
possibility that Sgo1 also
interacts directly with PP2A
substrates. In addition, it
remains unclear how well the
adaptor hypothesis fits the
situation in vertebrate mitosis
where centromeric localiza-
tion of PP2A-AB0C is not
dependent on Sgo1, and
PP2A-independent roles for
Sgo1 have been proposed
(Tang et al., 2006; Clarke
and Orr-Weaver, 2006). Xu
et al. (2009) propose that
human Sgo1 might recruit
only a particular subpopula-
tion of centromeric PP2A
required for cohesion regula-
tion. Certainly, use of the
Sgo1 mutants identified by
the authors will facilitate reso-
lution of these questions.
Xu et al. (2009) also deter-
mine the effect of budding
yeast Sgo1 mutation on the
SAC. They find that Sgo1
that cannot bind PP2A-AB0C
is unable to support SAC acti-
vation caused by the absence
of cohesion in mitosis. It has
been proposed that fission
yeast Sgo2 interacts with the
Aurora B complex to bring
about destabilization of inap-
propriate attachments and
activate the SAC (Sakuno and
Watanabe, 2009). Though
budding yeast Sgo1 is re-
quired for SAC activation in
response to lack of tension,
its relationship with the
budding yeast Aurora B
analog (Ipl1) is less clear.
The new results raise the
possibility that the role of yeast Sgo1 in
the SAC relies on PP2A-AB0C, and should
lead to experiments to confirm this idea
and identify relevant substrates. Finally,
the nature of the sensor(s) that trans-
duce tension at kinetochores into signals
that regulate spindle attachment and
the SAC remain obscure. Xu et al. (2009)
point out that mechanical disruption of
Sgo1 dimers would reduce PP2A
binding and provide a means to regulate
cohesion and the SAC in response to
tension. These speculations are sure to
Figure 1. Chromosome Segregation and Cohesion Regulation in
Mitosis and Meiosis
(A) Mitotic division.
(B) Meiotic division.
(C) Model for regulation of cohesion dissolution by the prophase pathway in
mitosis. Phosphorylation of the SA2 subunit marks cohesin complexes for
removal in a cleavage-independent manner. Cohesins at the centromere are
protected by dephosphorylation carried out by Sgo1/PP2A-AB0C.
(D) Model for regulation of stepwise cohesion release in meiosis. Phosphory-
lation of Rec8 on chromosome arms promotes its cleavage by Separase while
dephosphorylation by Sgo1/PP2A-AB0C protects cohesion at centromeres
until the second division. The mitosis model is based primarily on data from
vertebrates and the meiosis model mainly on experiments in budding yeast.
Gray shows other cohesin subunits.304 Developmental Cell 17, September 15, 2009 ª2009 Elsevier Inc.
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future.
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and connect microtubules to chromo-
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organism for the functional analysis of
kinetochore proteins because it can be
efficiently manipulated and shares many
of the complex features of higher eukary-
otic kinetochores. Centromeres of both
S. pombe and higher eukaryotes com-
prise tandemly repeated DNA flanked by
blocks of heterochromatin. The centro-
meric chromatin is epigenetically defined
by the histone H3-like protein, CENP-A,
onto which a constitutive centromere-
associated network (CCAN) of proteins
binds through a hierarchical pathway
that lays the foundations for the assembly
of the kinetochore complexes (Hori et al.,
2008). The outer kinetochore complexes
capture the spindle microtubules that
are essential for the accurate distribution
of sister chromatids to daughter cells.
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highly dynamic macromolecular structure
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bioinfomatics approaches. To date, over
80 kinetochore proteins have been identi-
fied in humans and over 50 in yeast
(Santaguida and Musacchio, 2009). The
challenge now is to elucidate the roles of
these proteins, their complex patterns of
interaction during the cell cycle, and their
potential relevance to human disease.
One such protein is CENP-C, a centro-
mere-specific protein that localizes to the
inner kinetochore plate and binds directly
to DNA. CENP-C is an elongated protein
that links kinetochore subcomplexes.
Depletion of CENP-C in vertebrates, fly,
worm, and budding yeast causes the
loss of several kinetochore proteins,
weakening kinetochore-spindle microtu-
bule attachment and resulting in cata-
strophic mitotic chromosome missegre-
gation and cell death (Kalitsis et al.,
1998; Kwon et al., 2007). The study of
the role of CENP-C during meiosis has so
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chromosomes of the worm, C. elegans,
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ochore function. Yet its mechanism
a et al. report that the fission yeast
s in the bi- andmono-orientation of
protein is required for meiotic chromo-
some segregation. A study from Tanaka
et al. (2009) now explores the mitotic and
meiotic roles of CENP-C in fission yeast.
The study finds interactions between
CENP-C and several different kinetochore
proteins and uncovers an alternative
kinetochore assembly pathway.
To study how the CENP-C homolog of
the fission yeast (designated Cnp3 or
CENP-CCnp3) works, Tanaka and col-
leagues used yeast-two-hybrid assays
to demonstrate that the N-terminal
half of CENP-CCnp3 interacts directly
with the constitutive centromere protein
CENP-LFta1 and the microtubule-clamp-
ing protein Pcs1 (found only in yeast) (Ta-
naka et al., 2009). Deletion of CENP-
CCnp3 results in the loss of CENP-LFta1
and Pcs1 and is expected to seriously
compromise kinetochore assembly, but,
surprisingly, some cells are viable, albeit
exhibiting high rates of mitotic chromo-
some segregation errors and very slow
growth. Interestingly, this severe pheno-
type could be suppressed by over-
expression of CENP-LFta1, suggesting
eptember 15, 2009 ª2009 Elsevier Inc. 305
